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ABSTRACT 



n^buHzXr^^^^^^ budesonide suspension and 

jet and ultrasonic nebulizL we ° used ?en he.Uhv ^ ^ f conventional 
used two conventional nebulkew- A^So^ra Elt^i^f/- ^^"u ? '"'"S^' ^^^2 years) 

Hameenlinna, Finland) and the Spiw l^^^^^^^ k"^ "^^.If (Respiratory Care Center, 

a breath-synchronized mode with «ch dm. -S^. "'^IT Care Center) in 

was defined as the amount of dL^^^^^^ ^TuV"^^ ^"^^^^ 

nebulizer and the mouthpiece T^f tZuntt h h i"«Pi«tory port of the 

tennined by reversed-ohas/M.^;!^"" .L! terbutaline sulphate was de- 

were used (0.5 mg of budeson de £id of I'' u '^"'^^'P^^' ^^Sl^-dose respules 

up to the defined gravimettconf^fl"® i'fSL^'?" sulphate), and nebulization time 
depending on the nebXfused^heras'r^^ i '^''''f^ "^'^ budesonide varied 
the choice of nebulizer/^Jie redil^i fnh/iiS^ inhaled mass of terbutaline was unaffected by 
dose (i.e., dose of drug in theTespSl oe/u^^^^^^ ° budesonide was 31.4% of the nomind 
the Spira Ultra, whereas^he medfan inh,^ f ^P^" * and 9.9% with 

tro 4 and 52% ;ith the a itt^^^^^^^ ^* the Spira Elek- 

nebulize than a solution and tha^^^I h^A^ t ' ««»Pension is generally more difficult to 
tional ultrasonic nebulizera ''"""onide suspension should not be used in conven- 
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INTRODUCTION 

/^om^NTiONAL JET NEBULIZERS driven by com- 
V^pressed air from electrical compressors have 
been used for the aerosolization of rqueous drug 
sobtions smce the beginning of the century.W I? 
the 1960s, ultrasonic nebulizers were intr<^uced 
for the same purpose.^ These inhalation SS^^ 
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later became widely used for the treatment of 
asthma and chronic bronchitis due to the intro- 
duction of new drugs, specifically, ^Sragonists 
and anticholinergics in aqueous solutions. 

In 1987, Godfrey et al.(3) reported on the effec- 
tiveness of an aqueous budesonide suspension 
for nebulization in an infant with severe oral 
steroid-dependent asthma. This first report was 
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foUowed by a number of studies showing nebu- 
lized budesonide to be clinically effectived asth- 
matic mfants, children, and adults at a nominal 
dose ranging from 250 administered once 
dady to 1000 ^g administered two tii^2 
an'^r^^^'?''^^''"'=^^^°^^«^"^P^ionwa^ 

Son °^ """^ 

A drug suspension consists of insoluble mi- 
cronized particles dispersed in a liquid medium 
often water. During nebulization of a drug sus- 

eTo^l^Vrr ' potential carri- 

ers Of the solid drug particles provided that the 
water droplets are larger than the particles. When 
nebuJmng a suspension, both the nebulizer's 

hons affect the output of drug. Jet nebulizers pro- 
ducmg aerosols with large droplets therefore de- 
r,nT'' than do jet nebulizers with 

the Pan LC Jet nebulizer (Pari-Werk GmbH, 

uT^^!t^"^"'y^ Ventstream jet nebu- 
lizer (Medic-Aid Ltd, Bognor Regis, UK) W TT^e 
pnmary particle size of micronized budesonide 
has been reported to be approximately 2.4 um W 
There are limited data on the behaviour of sus- 

dSSS(i5 "^t^nic nebulizers. 

DahJback(iO) presented preliminary /„ vitro results 
mdicatmg that a solution of sodium chloride was 
more readily nebulized with a Pulmosonic ultra- 
s';' PA^"^ ^''"'^ Som- 
^t, PA) than was a suspension of budesonide. 
Berhnskx and Waldrep(") showed that budesonide 
output was lower using ultrasonic nebulization 

frSr i °" °^ budesonide deliv- 

H° *IP^*^^* ^ ^ clinical treatment 

situation, that is, the inhaled mass of budesonide (12) 
During ndjulization, the inhaled mass of drug (ihe 
amount of drug inhaled by the patient) is maiUy a 
product of the nebulizer's drug output rate^L 
patios duty cyde.a3, ^„ ^ comparisons of th^ 
mhal^ed mass of the budesonide suspension and a 

sohition of a ^ragonist using conventional jet and 
ulb^nic nebulization are not currently available 
ihe aun of this shidy was therefore to com- 
pare conventional jet and ultrasonic nebuliza- 
hon of budesonide suspension and terbutaline 
sulphate solution using a filter technique for 

a~S °' ^^^^ ^ '^^^y 
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MATERIAL AND METHODS 

Study design 

LumTs 'J T =^P»s'<=n; Astra Draco AB 

Ten hSlfhi: 'I '^"^ Draco AB). 

nefultter and a Spira m^a ultrasonic nebulizer 




was comartri 'i?*. ■".°>^*P'«»- An expiratory Bltet (E) 



NEBULIZATION OF A SOLUTION AND A SUSPENSION 



in a breath-synchronized mode with each drug 
The jet nebiilizers were connected to a Spira com- 
pressor (Respiratory Care Center) and run at a 
flow of 7.5 L/min-» through the nebulizers at a 
room temperature of -20»C. The ultrasonic neb- 
uluers were operated at a preset frequehcy of 2 
MHz. ^ 

The nebulizers were used in a breath-synchro- 
nized mode in order to minimize the impact of 
breathing pattern variabiUty on the inhaled mass 
of drug.(") Breath synchronization was achieved 
through the use of inspiratory flow-activated 
electromc synchronizers (D, see Fig. lA and B) 
Tlie synchronizer was set to pulse compressed air 
through the jet nebulizer during the whole in- 
spiration or to the synchronizer's maximum pulse 
time of 3 seconds. When the ultrasonic nebulizer 
was used, the synchronizer was set to activate the 
nebulizer during the whole inspiration or to the 
synchronizer's maximum pulse time of 2.5 sec- 
onds. 



Drug output 

The total output of solution and suspension 
from the nebulizer was determined gravimetri- 
cally. The weight of the nebulizer cup, including 
the nebulizer charge of drug, was measured be- 
fore and during nebulization. During constant 
nebulization of budesonide suspension on the 
bench, the Spira jet nebulizer reached the sput- 
tenng phase when approximately 0.6 mL of sus- 
pension (0.6 g) remained in the nebulizer cup The 
output of both the suspension and the budes- 
onide was linear up to the sputtering phase. A 
similar in vitro test could not be performed on the 
bench with the ultrasonic nebulizer, as it could 
not be disconnected from the synchronizer and 
mn in a constant output mode. Nebulization was 
therefore stopped for both the jet nebulizer and 
the ultrasonic nebulizer when 75% of the nebu- 
lizer charge had been nebulized. This meant that 
of a 2 mL budesonide suspension or terbutaline 
sulphate solution volume, 1.5 mL (1.5 g) left the 
nebulizer. The change in the weight of the nebu- 
lizer was tested at regular intervals throughout 
the nebulization process. When 1 mL of the neb- 
ulizer charge had been nebulized, the weight 
change was checked at shorter intervals to ensure 
a total output of 1.5 mL. The maximum nebulizer 
charge volumes are 20 mL for the Spira Elektro 4 
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and 18 mL for the Spira Ultra. Single-dose res- 
pules were used, and nebulization time up to the 
defined gravimetric output was recorded. 

Inhaled mass 

The inhaled mass of drug was defmed as the 
amount of drug deposited on an inspiratory fil- 
ter (Marquest MQ-303 viral filters, Marquest 
Medical Products, Inc., Englewood, CO) located 
between the mouthpiece and the nebulizer's in- 
spiratory port. The amounts of drug aerosolized 
during expiration were deposited on an expira- 
tory filter (see Fig. lA and B). In vitro tests have 
shown that the Marquest filter can catch approx- 
imately 99.8% of the budesonide sucked through 
the filter.(>4) The addition of the inspiratory filter 
to the nebulizer introduced an equipment dead 
space of approximately 30 mL which was equal 
to half of the filter housing volume. Budesonide 
was eluted from the filters with a water ethanol 
solution, whereas terbutaline was eluted with a 
sulphuric acid solution. The concenb-ation and 
mass of budesonide and terbutaline were deter- 
mined by high-performance liquid chromatogra- 
phy at the Analytical Chemistry Department of 
Astra Draco AB, Lund, Sweden. 



Droplet size determination 

The aerosol droplet size was characterized with 
a Malvern Mastersizer Model MSIOOO (Malvern 
Inshiaments Ltd., Malvern, UK). Three conven- 
tional constant output Spira jet nebulizers were 
run continuously three times each with budes- 
onide and three times each with isotonic saline. 
The mass median diameter (MMD) of the 
droplets was 3.7 ^m (range 3.5-4.1 /xm; SD = 0.2) 
with budesonide and 3.6 fun (range 2.7-4.2 jxtn; 
SD = 0.6) with isotonic saline. As the jet nebuliz- 
ers showed no difference between budesonide 
and saline, two breath-synchronized Spira Ulb^ 
nebulizers were tested two times each charged 
only with budesonide in 0.7-second pulses dur- 
ing 6 seconds of measurement. The MMD was 5 
yum (range 4.5-5.6 (im; SD = 0.5). 

Subjects 

Ten healthy adult subjects (5 male) were in- 
cluded. Their mean age was 39 years (range 
16-52 years), ti:\eir mean height was 169 cm 
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(range 158-178 cm), and their mean weight was 
64 kg (range 52-75 kg). Their mean forced expi- 
ratory volume in 1 second and forced vital ca- 
pacity were 107.7% (84.3-159.9) and 111.9% 
(85.1-149.5), respectively, of predicted normal 
values/^^ The study was performed in accor- 
dance with the principles stated in the Declara- 
tion of Helsinki and was approved by the local 
Ethics Committee of the Department of Allergic 
Diseases, Helsinki University Central Hospital, 
Helsinki, Finland. 

The subjects were instructed to inhale during 
tidal breathing through mouthpieces connected 
to the nebulizers and used nose clips during 
the whole maneuver. The subjects' inspiration 
through the nebulizer was recorded throughout 
nebulization with a Magtrac II general purpose 
respiratory flow sensor (Ferraris Medical Ltd., 
London, UK) which updated the recorded inspi- 
ratory minute volume (Vi) every 20 seconds. 
Lung function measurements (i.e., forced expira- 
tory volume in 1 second and forced vital capac- 
ity were performed with a Vitalograph Compact 
spirometer (Vitalograph Ltd, Buckingham, UK). 

Statistics 

The two drugs were compared within each 
nebulizer system using a nonparametric 
Wilcoxon rank-sum test. The same test was used 
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for a comparison between the two nebulizer sys- 
tems for each drug. 



RESULTS 

Inhaled mass of drug 

The median inhaled mass of budesonide was 
31.4% of the nominal dose with the Spira Elektro 
4 and 9.9% with the Spira Ultra, whereas the me- 
dian inhaled mass of terbutaline was 50.0% with 
the Spira Elektro 4 and 52.0% with the Spira Ul- 
tra (Table 1). The difference in the median inhaled 
mass between budesonide and terbutaline was 
statistically highly significant within each nebu- 
lizer system (P < 0.001, Fig. 2). For budesonide, 
the nebulizer system used had a statistically sig- 
.nificant effect on the inhaled mass (P < 0.001, see 
Fig. 2), whereas for terbutaline, there was no sta- 
tistically significant difference. 

Inhaled mass as percentage of total drug output 

A qualitative analysis of the inhaled mass in 
relation to the total drug output (i.e., sum of drug 
on inspiratory and expiratory faters) gives an es- 
timate of the function of the breath synchronizer. 
When using a breath-synchronized nebulizer sys- 
tem, one would expect the inhaled mass to be 
close to 100% of the total drug output. The me- 



Table 1. Data on Amount of Drug on Filters, Total Drug Output 
Gravimetrjc Output, Nebuuzation Time, and Inspiratory Minute Volumes 



Variable 



Budesonide, 
Spira 
Elektro 4 



Budesonide, 
Spira Ultra 



Terbutaline, 




Spira 


Terbutaline, 


Elektro 4 


Spira Ultra 


50.0 


52.0 


(30.0-52.0) 


(26.0-56.0) 


9.6 


4.1 


(7.6-16.4) 


(1.6-5.8) 


61.2 


56.8 


(39.0-64.4) 


(30.4-61.8) 


1.50 


1.50 


(1.49-1.52) 


(1.49-1.51) 


8.6 


6.6 


(6.S-10.7) 


(5.4^.4) 


1Z7 


12.0 


(8.7-21.1) 


(8.2-16.8) 


13.9 


13,0 


(8.9-22.0) 


(10.3-16.5) 



Inhaled mass 31.4 

(median and range as (27.0-38.0) 

percentage of nominal dose) 

Expiratory filter 10.9 

(median and range as (8.0-14.0) 

percentage of nominal dose) 

Total drug output 42.8 

(median and range as (37.a-47.6) 

percentage of nominal dose) 

Gravimetric output 1.55 

(median and range in milliliters) (1.54-1.58) 

Nebulization time 7.9 

(mean and range in minutes) (6.0-9.5) 

Vi in first minute 103 

(mean and range in liters) (6.5-15.5) 

Vj in last minute 13.2 

(mean and range in liters) (8.9-17.7) 



9.9 
(9.4r-10.4) 

I. 4 
(0.6-2.0) 

II. 0 
(10.6-12.0) 

I. 50 
(1.49-1.53) 

II. 0 
(9.0-12.6) 

11.5 
(8.6-15.2) 

12,2 
(7.2-170) 



NEBULIZATION OF A SOLUTTON AND A SUSPENSION 



(A 
O 



Ultrasonic 



1 80 . . , 

I 60 [ ' ' 1 

- A^'""^^ Spiiau SpiraE4 SpiraE4 
Budeson.de Terbutaline Budesonide Tert.maSre 

SS'tit n?H °^ (5°"<i black) and the 

8^**) <l"^g expiration 
SdK^ ^ percentages of the non,Laldose o" 
stri f~ ^ ' each nebulizer setup and drug. TheZ 

median inhaled mass between budesonide and terbu- 
ytm';?<?Sn f ^ t^Snificant within each nebute 
f-cfn K L budesonide, the nebulizer system 

no:?aS;ii°g^^^^^^^ 



dian mhaled mass using the ultrasonic nebulizer 
was 87.5% of the total drug output for budes- 
onide and 91.7% of the total drug output for 
terbu alme. When using the jet nebulizer! how- 
ever, the median inhaled mass decreased as a per- 
centage of the total drug output and was 75 8% 
for budesonide and 84.2% for terbutaline. 

Inhalation technique and other variables 

The Vi values for the first and last minutes of 
nebulizatoon are displayed in Table 1. IT^e results 
indicate that the subjects inhaled within approx- 
imately the same range of V, through aU fo^r neb- 
ulizers. The amount of drug deposited on the ex- 
halahon filters, total drug ouput, gravimetric 
solution and suspension output, and nebulization 
times are also displayed in Table 1. 

DISCUSSION 

jnie study was designed to determine the in- 
haled mass of drug nebulized by conventional jet 
and ultrasonic nebulizers. The inhaled mass of 
nebulized drug was defined as the amount of 
drug deposited on filtere located between the 
nebulizers and the subjects. Breath synchroniza- 
tion was mainly used to minimize the impact of 
the subjects breathing pattern variability on the 
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I inhaled mass of drug.(i3) Inspiratory time and 
I nebulization time should have been approxi- 
mately equal when using a breath-synchronized 
system A change in the duty cycle would mainly 
have affected the nebulization time, as the time 
to reach an output of 1.5 mL would have required 
approximately the same total inspiratory time 
T^e two brands of Spira nebulizers selected for 
the comparison were both designed as conven- 
tional T-piece nebulizers. As the T-piece design 
of the nebulizers was similar, the impact of a sub- 
jecfs breathing pattern (i.e., tidal volume, inspi- 
ratory flow, and duty cycle) should not have Of- 
fered between the nebulizers. The inhaled mass 
of nebulized budesonide has previously been in- 
vestigated in children(i4) but not in adults; the in- 
haled mass of nebulized terbutaline sulphate has 

not been previously investigated using the filter 
technique.(i2) 

When using the ultrasonic nebulizer, the differ- 
ence in inhaled mass between the budesonide sus- 
pension and terbutaline solution was approximately 
fivefold. TWs result is in agreement with preliminary 
m vitro results which indicated that a solution of 
sodium chloride was more readily nebulized than a 
suspension of budesonide with a Pulmosonic ultra- 
sonic nebulizer.(W) The Pulmosonic ultrasonic nebu- 
lizer' s droplet MMD was, however, reported to be 1 
/un, whereas the diameter of the budesonide parti- 
cles has been reported to be 24 mrL<^ The question 
remains as to whether the budesonide suspension 
could have been successfully nebulized if the ultra- 

sonicnebuJizer'sdiopletsizehad been more in agree- 
ment with tfie budesonide particle size, that is, closer 
to 3 /im. In the OT vitro shady by Berlinski and Wal- 
drep,(") the Aerosonic nebulizer's (DeVUbiss Health 
Care, Inc., Somerset, PA) droplet mass median aero- 
dynamic diameter was reported to be Z9 /iin.(") 

There was a four- to fivefold difference between the 
output of budesonide between the Aerosonic ndm- 
lizer and the Sidestream jet ndTulizer (Marquest 
Medical Products, Inc, Englewood, CO) (mass me- 
dian aerodynamic diameter = 3.6 Aim) in tfiat shidy. 
This is close to the threefold difference between the 
budesonide output firom the Spira ultrasonic 
(MMD = 5.0 jam) and jet ndjulizers (MMD = 3.7 
Aim) in the present shidy. Ihe results 6om the pre- 
sent stiidy and tfie in vitro results by Beriinski and 
WaldrepO" indicate tiiat the poor budesonide out- 
put is due to factors other tfian the conventional ul- 
trascaiic ndjulizer's droplet size distribution. 
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Drug solutions and suspensions in the jet neb- 
ulizer cup have been shown to concentrate dur- 
ing use. Evaporation of solvent in the jet nebu- 
lizer has been claimed to be the major reason for 
the increase in concentration. ^^^'^^ The evapora- 
tion of solvent has been shown to be related to 
both saturation of compressed air within the jet 
nebulizer and jet nebulizer design/^^^ Denrus et 
al^^^^ did not find any evaporation of solvent 
when using a Microinhaler ultrasonic nebulizer 
(Vestric, Runcorn, UK), however, and reported a 
close correlation between aerosol output as de- 
termined by the fluoride tracer method and neb- 
ulizer weight loss. The results of the present 
study did, however, show that evaporation oc- 
curred diiring ultrasonic nebulization of terbu- 
taline solution. Approximately 50% of the nebu- 
lizer charge of terbutaline was aerosolized 
compared with 75% of the solvent 

With the use of breath-synchronized nebuliz- 
ers, the aerosolized drug should mainly be de- 
posited on the inspiratory filter, and the amount 
deposited on the expiratory filter should be neg- 
ligible. The amount of drug "wasted" to the ex- 
piratory filters was therefore surprisingly high, 
especially following jet nebulization. The waste 
of drug to the expiratory filters could mainly be 
attributed to two factors. The first factor is related 
to the ventilated dead space in the nebulizer and 
the filter housing. At the end of inspiration, part 
of the nebulizer and half of the filter housiiig are 
filled with aerosol which is deposited on the ex- 
piratory filter during expiration. The second fac- 
tor is related to how fast the nebulizer stops the 
production of aerosol after cessation of the inspi- 
ratory flow over the flow sensor. The comparison 
of the two nebulizer systems showed that the 
Spira Ultra wasted less drug at the expiratory fil- 
ter than did the Spira Elektro 4. The ventilated 
dead space was approximately the same in both 
nebulizer systems, indicating that the jet nebu- 
lizer produced slightly more aerosol after inspi- 
ration, which was deposited on the expiratory fil- 
ter during expiration. 

Nebulizers have been shown to vary in terms 
of irJialed mass of drug, total drug output, 
droplet size, and nebulization time.^^^^ There is a 
growing demand for well-defined nebulizer drug 
ouput characteristics for different drugs.^^^ The 
characterization of nebulizers is usually per- 
formed in vitro, and current best practice requires 
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that these in vitro tests niimic patients' breathing 
pattems.^^°^ This can be achieved with a number 
of pumps.^^^^'^^ There is, however, no compar- 
ative study proving that any of the available 
piunps can accurately rrumic the patient's breath- 
ing pattern and produce the same inhaled mass 
of drug as the patient The in vitro resiolts are 
therefore difficult to put into a clinical perspec- 
tive. The filter technique used to measure inhaled 
mass in vivo may therefore be used to bridge in 
vitro and clinical results. 

The results of the present study indicate that 
a solution of terbutaline and a suspension of 
budesonide behave rather differently in con- 
ventional jet and ultrasonic nebulizers. The in- 
haled mass of budesonide varied depending on 
the nebulizer used, whereas the inhaled mass of 
terbutaline sulphate was unaffected by the 
choice of nebulizer. In conclusion, it appears that 
a suspension is generally more difficult to neb- 
ulize than a solution and that the budesonide 
suspension should not be used in conventional 
ultrasonic nebulizers. 
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